ABSTRACT In this paper, a dynamic model of the coefficient of friction (COF) is established from energy perspective and the principal friction mechanism of disc brake is investigated. The effects of temperature, normal pressure, and relative velocity between brake disc and pad on the COF are tested on a friction testing machine. The results show that the thermal effect is the main factor affecting the friction and wear process, and the thermal deformation and uneven heat distribution play key roles in the change of the COF. The proposed dynamic model can well describe the properties of the COF in friction process, and the work in this paper may provide some new insights into the brake friction mechanism and be helpful for the design of the brakes.
I. INTRODUCTION
The vibration and noise problem caused by friction has been a big concern in both industry and academia over many decades, which involves many disciplines [1] . For many years, this problem has always been a great challenge in the field of mechanical engineering [2] . The coefficient of friction (COF) is a key parameter for the design of the brakes, and has a considerable influence on the dynamic characteristics of the disc brake. An excellent brake should be able to provide a suitable and stable COF, good dynamic performance, and has no jitter, no noticeable friction noise. The researches on mechanism of the brakes and model of the COF are key to meet these requirements.
The researchers have performed a series of investigations on the friction properties of the brakes. In published literatures, the effects of load, speed, and humidity on the COF were researched [3] - [8] . Through experiments, Eriksson and Jacobson [9] demonstrated that the relationship between the COF and brake pressure was hysteretic, and the COF decreased with the increase of the normal pressure between the pad and disc. Ahmed et al. [10] claimed that at low temperature, the COF increased with the increasing velocity; whereas at high temperature, the COF decreased with the increasing temperature.
During the braking process, the temperature of the contact surface increases due to the friction heat. The friction properties of the brakes are determined by the mechanical properties of the friction layers, while the mechanical properties of the friction layers are strongly influenced by the temperature. In certain range of the temperature, the COF increases with the increasing temperature [11] . When the temperature rises to a certain value, especially higher than the thermal decomposition temperature of the brake pad, the COF decreases obviously [12] . Moreover, the non-uniformity of heat distribution on the contact surfaces leads to the deformation and warping of the contact surfaces, which result in the change of actual contact area at the microscale. This is also one of the main reasons causing the change of friction properties. Zhang et al. [13] and Meng et al. [14] studied the influences of instantaneous temperature field on the deformation and friction properties of the brake disc. The thermalmechanical coupling of the brakes is also one of the research emphases [15] - [17] .
In order to investigate the changing laws of the COF between the brake disc and pad, a technique based on a linear Kalman observer is proposed for the online estimation of the brake friction coefficient by the use of the wheel speed sensors and inertia measurement unit [18] , and artificial neural network is also used to predict the COF [19] . In summary, since the friction involves many disciplines such as materials science, tribology, elastic and plastic mechanics, thermodynamics, etc. it is very difficult to establish a general friction model considering all the influence factors. Based on the change of contact patches, Ostermeyer [20] and Ostermeyer and Muller [21] established a dynamical model to describe the behaviors of the COF and the dependence of the temperature on the friction layer, and the model explained many open questions on the principal functionality of brake systems.
In this paper, based on our experimental results, Ostermeyer's model is improved to describe the effects of the brake speed, brake pressure, brake time, and temperature on the COF. Combining the experimental data and the dynamic model, it is indicated that the temperature of the interface is the most important factor affecting the friction and wear. And the contact of the brake pairs at the microscale is obviously affected by thermal deformation. The effects of normal pressure and relative velocity on the COF are mainly achieved by affecting surface temperature. The work in this paper may be helpful to grasp the mechanism of the friction and to establish the model of the COF.
II. PIN-DISC FRICTION EXPERIMENTS
The pin-disc friction experiments are performed on a friction testing machine (MMX-3G, Jinan Hengxu Testing Machine Technology Co., Ltd.), as shown in Fig. 1(a) . The pin-disc friction pair is displayed in Fig. 1(b) , which is composed of a friction disc and three friction pins uniformly distributing in circumferential direction of the disc. The pins and disc samples are cut from the real automotive brake pad and disc, as shown in Fig. 1(c) , and the dimensions of the samples are indicated in Fig. 1(d) . During experiment, the surface temperature of friction disc is measured by the thermocouple, and the friction torque is acquired by the torque sensor on the rotating shaft ( Fig. 1(b) ). The transient COF µ is calculated according to the following equation,
where M T is the friction torque, F n is the normal pressure, and r is the friction radius (11.93mm).
In order to study the transient and steady-state friction properties of the friction pair, the experimental scheme is as follows: the initial braking temperature is controlled at about 22 • C, 5 normal loads (150N, 180N, 200N, 250N, 300N) and 5 speeds (100rpm, 200rpm, 300rpm, 350rpm, 400rpm) are chosen. In each experiment, the load and speed are constant. In order to achieve the steady state of friction, each experiment lasts for 300 seconds.
III. THEORETICAL STUDY OF FRICTION MODEL BASED ON THE EXPERIMENT RESULTS
In the past, the classical static friction models such as Coulomb friction, Stribeck friction model, etc., were widely used in the study of the brake vibration and noise [13] . In these friction models, the transient characteristics of the friction were often neglected. But in order to investigate the mechanism of brake noise, the research on brake noise requires a dynamic model which can accurately describe the transient and steady-state friction characteristics of the brakes. Base on Ostermeyer's model, an improved model is established, here, the model established by Ostermeyer [20] and Ostermeyer and Muller [21] is expressed by the following equations:μ
where µ is the COF of the brakes, T is the average temperature of the friction interface, T 0 is the initial temperature of the friction interface, F n is the normal pressure, and V r is the relative velocity between the brake pairs.
In (2), −α(F n · V r + β) denotes destroying effect of the patches on the COF, and α · δT indicates growing effect of temperature on the COF [20] , [21] . In (3) , T − T 0 shows the influence of heat conduction on temperature (heat output), and ε · F n · V r denotes the influence of thermal power on temperature (heat input) [20] , [21] .
According to Ostermeyer's model, the temperature expression T (t) is got from (3), and then the expression of the COF µ(t) can be obtained after substituting T (t) into (2) . Based on our experimental data, we find that Ostermeyer's model can well describe the changes of the COF and temperature in transient friction process, but for the stable friction process, it cannot work well. Therefore, we may do some work to improve Ostermeyer's model.
In (3), we may see that F n and V r have similar effect. However, according to our experimental results, the equal changes of F n and V r may generate different temperatures. Thus, the difference of their effects on temperature should be added in (3) .
In (2), based on Ostermeyer's view [20] , [21] , both F n · V r and T are directly related to the actual contact area and the expression T (t) contains a term F n ·V r . Based on our research, the effect of F n and V r on the COF is achieved by two ways: directly and indirectly by influencing the temperature. Similar to (1), the equal changes of F n and V r may generate different COFs. Thus, the terms containing F n · V r , F n and V r are added in (2) .
Based on these opinions, an improved model is established as follows,
where α, β, κ, ε, a, b, c, d and f are the parameters determined by the working conditions. In (4), ε · F n · V r + a · F n + b · V r reflects the effect of the thermal power on temperature. c · F n · V r + d · F n + f · V r reflects the direct effect of F n and V r on the COF.
The general solution of (4) can be written as
where C 1 and C 2 are determined by initial conditions. The boundary condition is T (0) = T 0 , thus
So, the transient temperature of the brake pair can be written as
When t = +∞, the temperature is stable and it can be given by
Assuming that the initial COF (at t = 0) is µ 0 (µ 0 < µ stab ) and the steady-state COF is µ stab , and according to (5), we may obtain
Then, the expression of the transient COF in (5) can be simplified as
FIGURE 2. Fitted curves of friction coefficient and temperature under different rotational speed conditions when pressure is 180N.
Equations (7) and (10) show the time-varying characteristics of the COF and temperature under different normal pressure and relative velocity.
The undetermined parameters can be determined by regression analysis of the experimental data. The results are shown in Fig. 2 (colorful dot line: experimental data; black line: fitted curve). Based on (7) and (10), it can be found that the data are well fitted by the proposed models of the COF and temperature. Both Ostermeyer's model and our improved models perform very well when describing the time characteristics of the temperature and COF. Based on our model, when the normal load is 200N and relative velocity is 200 r/min, the simulation stable temperature is 51.57 • C, and the testing stable temperature is 50.24 • C. In addition, the simulation COF and testing COF are 0.2957 and 0.2950, respectively. It can be seen that our model can effectively predict the friction properties. It must be noted that the surface textures of the disc can be considered unchanged in a short friction time, thus the stable temperature and COF of next friction test can be deduced by recently tests. The tests done a long time ago cannot be used to infer the next friction data because the surface textures of the disc at that time is significantly different from the current textures. The number of tests used to infer the next friction data is determined empirically.
IV. DISCUSSION
In this section, we discuss the steady-state and transient friction process, respectively.
A. ANALYSIS OF THE STEADY-STATE FRICTION PROCESS
At the steady-state stage, both the COF and temperature keep steady. Then, it can be assumed that a steady friction state can be completely determined by the stable normal pressure, relative velocity and temperature. The temperature of the friction system is determined by the heat input and dissipation. As shown in (8), the stable temperature of the interface is determined by εF n V r + a · F n +b·V r . According to our experimental results, the relation between T stab and F n V r is shown in Fig. 3 , and the linear relationship between them is obvious. Further we can deduce that T stab is strongly influenced by F n V r . From the 3D view (Fig. 4) , we can find that F n V r is the coupling factor of normal pressure and relative velocity affecting T stab , a · F n and b · V r reflect the individual effect of normal pressure and relative velocity on temperature, and the introduction of a · F n + b · V r improves the fitting accuracy of the model (changes the value of R-square from 0.9354 to 0.9972. R-square is a statistic that measures the fitting accuracy, and the closer this value is to 1, the better the fit is). The experimental data about the relation between stable COF and stable temperature are shown in Fig. 5 . Combing Fig. 5 and (9), we can find that µ stab and T stab are approximately linear. And in (9), the direct effect of normal pressure and relative velocity on friction state (µ stab ) is reflected by (cF n V r + dF n + fV r )/α. It can be also found that this term weakens the linear relationship between T stab and µ stab . Fig. 6 shows the relation between stable COF and normal pressure and relative velocity. Combining (8) , (9) and Fig. 6 , it is indicated that F n and V r may directly influence µ stab , and also indirectly influence µ stab by affecting T stab . Comparing Fig. 4 and Fig. 6 , it can be seen that the shapes of µ stab and T stab are very similar, and the strong linear relationship between T stab and µ stab is verified again. The value of R-square of the proposed model is 0.9499 (Fig. 6 ), but the Ostermeyer's model cannot fit our experimental data.
The brake pad mainly consists of three kinds of ingredients: organic binders, fibers and fillers. The rigid particle is the main friction-increasing filler, thus it is an important contributor to friction force and the temperature rise of friction pair. During the friction process, only rigid particle can cut the brake disc due to its high hardness, thus, on the friction surface, the thermal power generated by the rigid particle is larger than that generated by the other ingredients. The surface temperature of the friction pad is uneven, and the temperature of hot spots can often reach above 1000 • C [24] . Therefore, we can deduced that the hot spots generated by rigid particles can increase the temperature of the pad, but at the same time can weaken the mechanical properties of the material around the hot spots. Therefore, the effect of temperature on the COF can be expressed in two aspects. On one hand, the deformation of the contact pair causing by the rising temperature leads to the increasing real contact area, further generates a larger COF. On the other hand, since the rising temperature is mainly caused by F n V r , it can be deduced that the number and size of hot spot increase with the increasing pressure, and the temperature of hotspot increases with a greater thermal power, which is generated by the increasing relative velocity. In summary, the COF increases with the increasing temperature. But as the temperature increases, the increasing speed of the COF decreases. This phenomenon can be observed in Fig. 5 .
In proposed model, the temperature is mainly affected by F n V r , and the stable COF is mainly affected by the stable temperature. The additional terms of F n and V r in proposed model improve the fitting accuracy.
B. ANALYSIS OF THE TRANSIENT FRICTION PROCESS
Thermal effect is the main physical phenomenon in friction and wear process of the brake, and more than 85% of frictional power converts into heat [22] . As shown in Fig. 7 , after the friction is stable, the test is stopped, so that, the brake pair is cooled to room temperature. Then, a new test is restarted, and the process is repeated 3 times. At the time interval between two consecutive tests, the load, relative velocity and surface texture are same, and only the temperature changes. It can be deduced that µ results from T (shown in Fig. 7) . And combining Fig. 7 and Fig. 2 , we can find that the effect of T on the COF is stronger than that of the pressure and relative velocity.
Based on above analysis, we realize that the effect of temperature on COF is mainly achieved by affecting thermal deformation and mechanical properties of brake pad. In the transient friction process, the temperature is often lower than the brake-fade temperature, so the mechanical properties of brake pad do not significantly change with temperature. Thus, it can be inferred that the thermal deformation is the most important factor affecting the transient COF.
From (7) and (10), we can find that the temperature and the COF influence each other, and gradually reach the steady state. The surface morphologies of the brake disc and pad obtained by metallographic microscope are shown in Fig. 8(a-b) , respectively. These figures show that the texture of the surface of the disc mainly results from the ploughing effect, and the surface textures of the pad and disc match each other at the steady-state friction process.
In the steady-state friction stage, the textures of the brake pair fit well with each other, and the matching interfaces produce a stable friction contact which generates a stable COF. Fig. 9(a) shows the tested profile of the disc along the radial direction, and Fig. 9(b) shows the micromorphology.
From these two figures, it can be seen that the small texture is about 5 microns in width. A stable friction state always corresponds to a temperature which is higher than room temperature. When the brake pair is cooled to room temperature, the thermal deformations of the brake disc and pad are not equal. Thus, in a new test, the textures of brake pair cannot match each other at the microscale. In a new test, a large amount of debris is generated during the contact reconstruction. The debris acts as lubricant, and leads to a small initial COF. As the new contact of brake pair is gradually established at the microscale, the friction gradually reaches a stable state.
V. CONCLUSIONS
In this paper, an improved friction model of the brake pair based on Ostermeyer's model is established, and the following conclusions can be obtained:
(1) In the steady friction state, a higher stable temperature can produce a greater COF. However, as the stable temperature increases, this enhanced effect of the stable temperature on the stable COF is gradually weakened (the slope of the COF decreases with the increasing temperature, in Fig. 5 ). Based on our work, we can deduce that thermal deformation leads to the increase of the COF by enlarging the contact area. However, the weakening effect of hotspots on the mechanical properties of material around the hotspots results in the decrease of the COF. The combination of these effects lead to the variety of the stable COF with the stable temperature l, shown in Fig. 5 .
(2) In the transient friction process, the reconstruction process of friction contact caused by thermal deformation is the most important reason for the change of transient COF.
In the initial stage of reconstruction, a large amount of debris serving as lubricant results in a small initial COF. As the reconstruction of contact is completed, the COF gradually increases to a stable value.
(3) The dynamic friction model established in this paper can well describe the properties of the COF and temperature in the transient and steady-state processes. It shows that comprehensive consideration for the effect of normal pressure, relative velocity and temperature on the COF is helpful to understand the mechanism of generation and evolution of the brake friction. Obviously, the design on the heat dissipation is crucial for an excellent brake. She is currently a Professor at the School of Transportation Science and Engineering, Beihang University. Her current research interests include control of structure vibration and noise. VOLUME 6, 2018 
